The plant-specific LBD (LATERAL ORGAN BOUNDARIES domain) genes belong to a major family of transcription factor that encode a zinc finger-like domain. It has been shown that LBD genes play crucial roles in the growth and development of Arabidopsis and other plant species. However, no detailed information concerning this family is available for apple. In the present study, we analyzed the apple (Malus domestica) genome and identified 58 LBD genes. This gene family was tested for its phylogenetic relationships with homologous genes in the Arabidopsis genome, as well as its location in the genome, structure and expression. We also transformed one MdLBD gene into Arabidopsis to evaluate its function. Like Arabidopsis, apple LBD genes also have a conserved CX 2 CX 6 CX 3 C zinc finger-like domain in the N terminus and can be divided into two classes. The expression profile indicated that apple LBD genes exhibited a variety of expression patterns, suggesting that they have diverse functions. At the same time, the expression analysis implied that members of this apple gene family were responsive to hormones and stress and that they may participate in hormone-mediated plant organogenesis, which was demonstrated with the overexpression of the apple LBD gene MdLBD11, resulting in an abnormal phenotype. This phenotype included upward curling leaves, delayed flowering, downward-pointing flowers, siliques and other abnormal traits. Based on these data, we concluded that the MdLBD genes may play an important role in apple growth and development as in Arabidopsis and other species.
Introduction

LBD (LATERAL ORGAN BOUNDARIES domain) gene in
Arabidopsis is a newly discovered and unique transcription factor family that has been assigned to this functional group on the basis of its nuclear localization and capacity to bind to a DNA motif [1, 2, 3, 4, 5] . Until now, LBD genes were found only in plant databases, indicating that this unique gene family may only regulate plant-specific processes [6] . The LBD gene family can be divided into two classes according to the structure of the LOB (LATERAL ORGAN BOUNDARIES) domain in the N terminus [6, 7] . Class I LBD genes contain a perfectly conserved CX 2 CX 6 CX 3 C zinc finger-like domain and an LX 6 LX 3 LX 6 L leucine zipper-like coiled-coil motif, while class II LBD genes only have a conserved zinc finger-like domain [6, 8] . The zinc-fingerlike domain is presumably required for DNA binding, and the Cterminal leucine zipper-like sequence is probably involved in protein dimerization [6, 7] LBD proteins have varied expression patterns ranging from temporal to tissue differences, suggesting that they may function in diverse processes [6] . Numerous LBD genes are expressed at the adaxial base of plant lateral organs, and they play critical roles in lateral organ development during a plant's growth [4, 6, 9, 10] . When observed under normal growth conditions, no obvious phenotype could be found in some loss-offunction lbd mutants, indicating that the LBD gene is functionally redundant or required during growth under specific environmental conditions [1, 6, 11] .
By now, several members of the LBD family have been functionally identified in different species. Among class I LBD genes, the LOB gene encodes a DNA-binding protein and can interact with members of the bHLH (basic helix-loop-helix) family of transcription factors, while the interaction between bHLH proteins and LOB reduced the affinity of LOB for its consensus DNA motif [2] . RA2 (Ramosa 2), a maize ortholog of LOB, has been shown to regulate reproductive growth [12, 13] . The AS2/ AtLBD6 gene influence the expression of class I KNOX genes through its interaction with MYB domain transcription factor AtAS1 and ERECTA, thereby regulating the establishment of leaf polarity [8, 14, 15, 16, 17, 18, 19, 20, 21, 22] . AtASL1/AtLBD36 and AtLBD12/AtASL5 have phenotypes that are similar to those found in AtAS2/AtLBD6 overexpression plants [23] .The maize ZmLBD19 gene dimerize with the maize AtAS1 ortholog RS2 (ROUGH SHEATH2) and influence female gametophyte development [20, 24] . Together with AtLBD16 and AtLBD29, AtLBD18 is regulated by AtARF7 and AtARF19 and plays a role in lateral root initiation [1, 3, 5, 25, 26, 27, 28] . Crl1/Arl1, which is a homolog of AtLBD29, has a similar function in rice [29, 30, 31] . The JAGGED LATERAL ORGANS/JLO gene regulates Arabidopsis embryo and root development [32, 33] . The expression of DDA1/LBD25 is reduced by exogenous auxin, and a dda1 mutant change the number of lateral roots [34] . AtLBD3/AtASL9 is induced by exogenous cytokinin treatment, indicating that this gene plays an important role in cytokinin-responsive biological events in plants [35] . PtaLBD1 regulates secondary growth in poplar [36] . The AtLBD20 gene takes part in jasmonate signaling in response to Fusarium wilt in Arabidopsis [37] , AtLBD1 may be involved in sustaining indeterminate cell fate of SAMs in Cockscomb [38] . For class II AtLBD genes, AtLBD37, AtLBD38 and AtLBD39 are induced by nitrate and involved in anthocyanin synthesis and nitrate metabolism [11] . AtLBD41 is proposed to be involved in leaf dorsoventral determination [10] . Extensive studies of the AtLBDs in various plant species have provided a better understanding of this gene family. As of this publication, 43 Arabidopsis LBD proteins and 35 of rice homologs have been found [6, 39] . In maize and poplar, the LBD gene family consists of 43 and 57 members [4, 40, 41] , respectively. Most recently, 3 LBD genes are considered as strong candidates of Co locus controlling columnar growth habit in apple [42] , suggesting that LBD genes may play an important role in the control of apple tree architecture. However, it is yet unknown how many LBD genes in apple genome and how about their genomic organization in 17 apple chromosomes.
In this study, a genome-wide survey of the LBD gene family was conducted using the apple genome database [43] . The genome sequences of all apple LBD genes were identified with online software. Their genome structure, chromosome distribution and expression patterns were analyzed in silico. Subsequently, real time PCRs and semi-quantitative RT-PCRs were carried out to confirm the expression patterns in different organs and in response to hormones and various stimuli. In addition, MdLBD11 was functionally characterized in transgenic Arabidopsis. This study will serve as a foundation for future research into the functional roles of MdLBD genes.
Results
The Identification and Annotation Information of the LBD Genes in Apple
To identify the LBD proteins in apple, a local BLAST program and the Hidden Markov Model of the SMART and Pfam tools were used, and a total of 58 LBD-like genes from the entire apple genome were identified. We discovered that all of these LBD-like protein sequences possess a modular structure and conserved LOB motifs. As a result, 58 putative MdLBD proteins were found (Table 1) . And we named each gene on the basis of its location on the chromosome. We noted the gene identifier, genomic position, pI (isoelectric point), length of amino acid, and protein size in Table 1 . From the table, we can see that all the identified LBD genes encode proteins ranging from 130 (MdLBD47) to 431 (MdLBD26) amino acids along with a protein mass from 14.9 kD to 44.3 kD and protein pIs ranging from 4.63 (MdLBD51) to 9.69 (MdLBD47).
Phylogenetic and Gene Structure Analysis of the LBD Genes
To evaluate the evolutionary relationships among the 58 apple LBD proteins, we performed a phylogenetic analysis based on their full length amino acid sequences. We identified two subfamilies (class I and class II) as being monophyletic (Fig. 1 Structural analyses were intended to provide valuable information concerning duplication events when interpreting phylogenetic relationships within gene families. Thus, we analyzed the exon/ intron structures of LBD family genes (right panel in Fig. 1 ). In apples, the exon number ranged from 1 within twelve genes to 5 in MdLBD26. Most MdLBD genes shared 1, 2 or 3 exons. Specifically, 35 genes had two exons, 12 genes had one exon, and only one gene had 5 exons. Most members within the same subgroup shared a similar intron/exon structure and gene length. The conserved intron/exon structure in each subgroup supported their close evolutionary relationship and the stated classification of subfamilies.
To examine the evolutionary patterns of MdLBD with those of Arabidopsis and then group them into established subfamilies, a phylogenetic tree was generated with full length protein sequences (Fig. 2) . As in rice and Arabidopsis, the MdLBD clearly fell into two classes, class I and class II, which had 45 and 13 separate genes relative to 37 and 6 genes in Arabidopsis, as shown in Fig. 1 . The presence of twice as many class II apple LBD genes compared with Arabidopsis indicates that this class of gene may have more functions in apple development. Class I and class II families were further divided into 8 and 2 groups. In class I, the subgroups were named from class Ia to class Ii, while class IIa and class IIb comprised the class II group. Three Arabidopsis LBD genes (AtLBD40,AtLB-D41,AtLBD42) that were clustered into class IIa corresponded with only one LBD gene (MdLBD40) in apple. On the other hand, there were 12 apple LBD genes grouped in class IIb with only three genes (AtLBD37, AtLBD38, and AtLBD39) in Arabidopsis. It is reported that AtLBD37, AtLBD37, AtLBD38 and AtLBD39 function as transcript regulators in response to nitrate and regulate gene expression relative to anthocyanin biosynthesis along with nitrate uptake and transport [11] . We conclude that class IIb LBD genes may play a broader function in apple.
Chromosomal Location Analysis of MdLBDs
Fifty-five genes were located in 15 out of 17 chromosomes, and 3 MdLBD genes (MdLBD56, MdLBD57 and MdLBD58) were localized to unassembled genomic sequence scaffolds and thus were not mapped to any particular chromosome (Fig. 3) . Chromosome 01 encompassed the largest number with 9 MdLBD genes, followed by Chr02 and Chr05 (6 genes per chromosome). Five MdLBD genes were distributed in Chr15, four genes were distributed in Chr04, 7 genes were distributed in Chr03, 10 genes were distributed in Chr06, and three genes were distributed in Chr08. Two LBD genes were identified in Chr12, while only one gene was located on Chr11, 14 and 17. In addition, further investigation showed that the distribution of each type of LBD genes was significantly irregular (Fig. 3) , while no MdLBD genes were located on Chr13 or Chr16. Among them, a total of 21 genes were found in the segmental duplication blocks (Fig. 3) , and five homologous pairs (MdLBD17/18, MdLBD24/25, MdLBD23/45, MdLBD32/33 and MdLBD30/49) were definitely located on the duplicated blocks. 
Sequence Alignment and Conserved Motifs of MdLBD Genes
In Arabidopsis, the LBD genes had a conserved LOB domain in the N terminus of the genes, and there were two conserved blocks in the LOB domain of the class I proteins, that is, the C block and GAS block. To identify conserved domains within the MdLBD genes, we performed an alignment within all of the MdLBD genes and a separate one for the class I and class II protein sequences. As with the AtLBD genes, multiple sequence alignment showed that all 58 predicted MdLBD protein sequences had a completely conserved CX 2 CX 6 CX 3 C zinc finger-like domain while a LX6LX3LX6L leucine zipper-like domain existed only in 17 of the class I LBD genes ( Fig. 4; Fig. S1 ). In contrast with the AtLBD genes, the MdLBD genes had completely conserved H/G amino acids at the GAS block. The GAS block ended with a DPVYG motif but not with a DP (V/I) YG motif.
Spatial and Temporal Expression and Gene Response Analysis of some of the MdLBD Genes
Semi-quantitative RT-PCR analysis was used to investigate the expression patterns of some of the MdLBD genes in the following organs: roots, stems, leaves, flowers and fruits. We found that transcripts of MdLBD genes could be detected in all tissues (Fig. 5A) . Transcripts of MdLBD19 were detected mainly in roots and leaves, and transcripts of MdLBD40 were predominantly present in stems. Transcripts of MdLBD14 could be detected in all tissues except the leaves, and the expression of MdLBD42 could be detected in all organs except in flowers (Fig. 5A) .
It was discovered that AtLBD genes can respond to different treatments, such as auxin, cytokinin, and nitrate. Based on the existing microarray experiments that were compiled in Genevestigator, we found that they also responded to the hormones ABA (abscisic acid), GA (gibberellin) and BR (brassinosteroid); the abiotic stress of hypoxia; and biotic stress from Pst (Pseudomonas syringae) (Fig. S2) . We then analyzed the gene expression of MdLBD gene homologs corresponding to AtLBD genes. Bioinformatics analysis was used to predict the homologous gene in apple in comparison to Arabidopsis, although some differences existed between the two plants. RT-PCR analysis was performed to determine mRNA expression levels. We selected 21 genes that showed high homology with the Arabidopsis gene for expression assays under hormone treatment with NAA (1-naphthlcetic acid), GA (gibberellins), 6-BA (6-Benzylaminopurine), ABA (abscisic acid), and BR (brassinolide). In the RT-PCR assay, almost all detected MdLBD genes were especially responsive to one or more treatments (Fig. 5B) . For example, the relative transcript level of MdLBD40 was induced by approximately 40-fold after 3 hours of treatment with ABA when compared with the control (which was treated with DMSO), and a 9-fold increase was induced in MdABI5, a marker gene responding to ABA, which suggests that MdLBD40 was ABA-responsive. Transcripts also increased by 14-fold, 7-fold and 2-fold for MdLBD5, MdLBD55 and MdLBD57, respectively, at their peak levels when NAA was applied. Slightly down-regulated with MdLBD14 and MdLBD51, MdARF7 here was used as a marker gene. The BR induced the MdLBD44 gene by more than 6-fold but repressed MdLBD47 rapidly. MdLBD44 and MdLBD47 can also be induced by ZT by no less than 50-fold and 10-fold, respectively, at the peak. In response to GA, the expression of MdLBD8 had a rapid reduction, while no significant change took place in the transcription of MdLBD9 and MdLBD40. There were 10-fold to 35-fold changes for MdLBD8, MdLBD40, MdLBD9, MdLBD46 and MdLBD16 after about 5 h of exposure to hypoxia. MdSnRK1 was used as a control. Nitrate-induced expression showed a maximum of 3-fold to 9-fold increase in MdLBD55, MdLBD42, MdLBD27 and MdLBD37 genes at the peak. These results indicate that the function of LBD genes may be conserved between different species. Various kinds of regulating hormone treatments suggest a potential function for the MdLBD gene in hormone-mediated plant organogenesis.
MdLBD11 has a Similar Function to the Homologous Arabidopsis Gene
In order to know more about the biological functions of MdLBD genes, MdLBD11 was chosen for functional characterization. According to the sequence alignment and phylogenetic analysis, MdLBD11 was highly similar to Arabidopsis AtASL1 and AtAS2 (Fig.  S3) . First, its cDNA was introduced into Arabidopsis. Consequently, three Arabidopsis transgenic lines were obtained with different ectopic expression levels (Fig. 6A) . When compared with the WT control, all transgenic lines exhibited abnormal phenotypes in relation to vegetative development and growth, including reduced plant stature, short petioles and small and upward curled leaves. Meanwhile, transgenic plants also experienced long juvenility, and their downward-pointing flowers and siliques had short pedicels (Fig. 6B) . The extent of abnormal phenotypes was positively correlated with the expression level of MdLBD11 in transgenic lines, indicating that the ectopic expression of MdLBD11 resulted in the transgenic phenotypes.
Furthermore, to examine how MdLBD11 regulates plant development and growth, yeast two-hybrid assay was conducted. The result showed that MdLBD11 interacted with Arabidopsis AtAS1 (Fig. 7) . Meanwhile, the expressions of the class I KNOX genes were analyzed in MdLBD11 overexpression lines. The results showed that all transgenic lines produced less KNAT1 and STM transcripts than the WT control, with no obvious transcription difference in KNAT2 and KNAT6 (Fig. 6A) , suggesting that MdLBD11 regulated plant development and growth, at least partially if not completely by modulating class I KNOX gene expression, just as AtAS2 and AtASL1 in Arabidopsis. Furthermore, the results indicated that MdLBD11 functioned with a conserved mechanism like its Arabidopsis counterparts AtAS2 and AtASL1.
Discussion
Characterization of the Apple LBD Gene Family
LBD genes belong to a newly found unique transcript factor family. They ubiquitously exist in higher plants and may regulate plant-specific processes [4, 6] . Based on a global survey through the released apple genome database, 58 MdLBDs were identified from 57,386 annotated genes in apple genome [43] . Each of them was featured with a conserved LOB domain which ubiquitously exists in LBD genes of other plant species [4, 6] . They were localized to 15 chromosomes, except chr13 and chr16 out of the total of 17 apple chromosomes. Meanwhile, the cDNA of MdLBD11L was isolated with a RACE approach. Its nucleotide sequence is highly similar to that of MdLBD11 cDNA. However, there is no genomic sequence information found corresponding to MdLBD11L in apple genome database. Similarly, 2 out of 3 MdLBD candidates for Co locus can not be found in apple genome database [42] , suggesting that there may be more other MdLBDs existing in the unknown genomic gaps. In fact, only 81.3% genomic sequences are overlapped on the apple genome [43] .
The LBD gene families contain 43, 35 and 35 members in Arabidopsis, rice, and maize, respectively [6, 39, 40] . However, apple genome has at least 58 MdLBDs. Therefore, LBD gene family evolutionarily expanded in apple, maybe due to the chromosome duplication. Many angiosperms undergo whole genome duplication events. The recent gene duplication events were the most important for the rapid expansion and evolution of gene families [44] . In apple, the chromosome homologies derived from the recent genome-wide duplication allow inference of the cytological events that have led to the number and composition of the extant apple chromosomes, from a putative nine-chromosome ancestor to the 17-chromosome [43] . In this study, we found 11 sister pairs of paralogous LBDs. Among them, 5 homologous pairs were definitely located on the duplicated blocks (Fig. 3) . These data support that the chromosome duplication events occur in apple genome. 
Phylogenetic Analysis and Evolution of Apple LBD Genes
Phylogenetic analysis and evolutionary relationship of the LBD proteins have been intensively studied in Arabidopsis and rice [6, 39] , which divides the LBD gene family into Class I and class II [4, 6, 7] . Here phylogenetic trees combining apple and Arabidopsis LBD proteins were constructed to analyze the relationship of 58 apple LBDs with their Arabidopsis counterparts. As a result, a total of 101 apple and Arabidopsis LBDs were divided into 10 clades, among of which 2 clades, i.e. class Ib and class Ih, exist only in Arabidopsis (Fig. 2) . Therefore, 58 MdLBDs were distributed in the other 8 clades. In Arabidopsis, LBD genes in Class IIb are involved in the regulation of nitrate uptaking and anthocyanin synthesis [11] . In this study, it was found that Class IIb has 12 apple and 3 Arabidopsis LBD members, respectively ( Fig. 1; Fig. 2 ). Apple has 4-fold more LBD members in class IIb than Arabidopsis, suggesting that woody apple tree evolutionarily needs more class IIb LBD genes to adapt barren soil and to regulate complex processes of fruit coloration. This may be an evolution diversity of LBD genes between herbaceous Arabidopsis and woody apple plants, just like between herbaceous rice and maize and woody poplar [39, 40, 41] .
Structural analysis is a useful tool to mine valuable information concerning duplication events and phylogenetic relationships within gene families. In apples, the exon numbers of LBD genes ranged from 1 to 5, with more than half of them containing 2 exons. This is similar in Arabidopsis and rice, suggesting that the genetic evolution of the LBD genes structure is conserved in different angiosperms. Besides, most of the MdLBD members within the same clade share a similar intron/exon structure and gene length (Fig. 1) , indicating their close evolutionary relationship.
So far, all known LBD proteins that are detected in various species have a conserved zinc finger-like domain, while a leucine zipper-like coiled-coil motif is found only in the majority of class I LBD proteins [4.6] . It has been predicted that Zinc finger-like motifs in the LOB domain may function as a DNA-binding domain, and the C-terminal leucine zipper-like motif may function in a probable protein-protein interaction [4] . Moreover, the incomplete leucine zipper-like coiled-coil motif is part of the class II LBD proteins. It is believed that this domain is misfunctional for protein-protein interaction. Actually, members of MYB and bHLH proteins have been found to interact with Arabidopsis LOB, a class I LBD protein [2] . We have also demonstrated that MdLBD11 and MdLBD11L, which are two class I LBD genes, interacted with MYB transcription factor AtAS1 ( Fig. 7; Fig. S4) . A yeast two-hybrid assay was used to screen the potential interaction proteins with several class II MdLBD genes (MdLBD12, MdLBD27, MdLBD52), and as predicted, no proteins could be identified.
Expression Analysis Indicated LBD Genes may Play Important Roles during Plant Growth and Development
Phytohormones have long been found to play a critical role in normal plant growth and development. Auxin, cytokinin and GA are the major developmental growth regulators, whereas ABA, ETH and JA are often implicated in stress responses. Members of LBD genes in Arabidopsis, rice and other species has been found respond to different treatments, such as auxin, cytokinin, GA and nitrate and they playe a key role in plant organ boundary definition by influencing the content or transport of the nutrient and hormone [1, 4, 11, 17, 35, 45] . In Arabidopsis, AtLBD3 represss the cytokinin content and was directly activated by type-B ARR, indicating that it is a primary target of the cytokinin signal transduction pathway [35] . AtLBD16 and AtLBD28 link the auxin signal transduction cascade and are directly regulated by AtARF7 and AtARF19, which are two major auxin response genes, through the auxin responsive elements (AuxRE) and then regulate embryonic and vascular patterning [1, 3, 25, 45] . AtLBD40 is reported to be downregulated by gibberellin and upregulated by DELLA proteins [46] . In addition to transcript regulation, class I LBD proteins can also interact with some MYB and bHLH proteins to regulate plant organogenesis [2, 47] . These results confirm that LBD genes can regulate plant organ differentiation at the transcript and protein levels. LBD genes were also nutrientand stress-responsive, revealing that they may regulate nitrogen metabolism and abiotic and biotic responses.
It was also found that the expressions of LBD genes responded to ABA and BR, hypoxia stress and Pst (Pseudomonas syringae) infection in model plants based on the online microarray database (Fig. S2) , as confirmed by RT-PCR analysis in apple (Fig. 5B) . Therefore, LBD genes responded to various phytohormones in apple. Furthermore, 3 apple LBD genes may be involved in the regulation of columnar growth habit [42] . As is well known, several LBD proteins interact with MYB and bHLH transcription factors which regulate organogenesis in higher plants [2, 14, 16, 17] . Therefore, it is reasonable to suppose that LBD genes may be involved in the regulation of plant organ boundary definition and shoot branching associated with various hormones by interacting with specific MYB or bHLH transcription factors. In addition, some loss-of-function lbd mutants do not exhibit abnormal development and growth [1, 6, 11] , suggesting a functional redundancy of those LBD genes. Meanwhile, LBD genes clustered into the same clade show different expression patterns ( Fig. 5; Fig.  S5 ), suggesting a functional specificity for each LBD gene even in the same clade [11] . MdACTIN was performed as an internal control. B. QRT-PCR analysis of MdLBD genes in response to multiple treatments. MdLBD genes expression treated by 15 mM KNO 3 (15 mM KCl was treated as a control), hypoxia, and 100 mM of ABA, NAA, 6-BA, GA and BR, the MdACTIN was performed as an internal control. doi:10.1371/journal.pone.0057044.g005 
LBD Gene may have the Conserved Function to the Homologous Arabidopsis Gene
MdLBD11 transgenic Arabidopsis exhibited abnormalities both in vegetative and reproductive growth, which is highly similar to those observed in AtASL1 and AtAS2 overexpression transgenic Arabidopsis lines. This indicates that MdLBD11 has functions similar to AtASL1 and AtAS2. It is known that AtAS2 interacts with MYB transcription factor AtAS1 to regulate the expression of downstream class I KNOX genes, underlying its biological functions in Arabidopsis [8, 14, 16] . Interestingly, MdLBD11 also interacted with Arabidopsis AtAS1 and regulated the expression of KNOX genes ( Fig. 6A; Fig. 7 ), indicating that MdLBD11 functions in a way similar to its Arabidopsis counterparts. Like AtAS1, AtLOF1 and AtLOF2 also belong to MYB transcription factor family. The phenotypes of their overexpression lines are similar to AtAS2-ovx lines [48, 49] . In this study, it was also examined whether AtLOF1 and AtLOF2 interact with specific AtLBD or MdLBD proteins. The result showed no interaction between AtLOF1/2 and AtAS2 or MdLBD11 (Fig. S4) . Therefore, it is presumed that AtLOFs may interact with other LBD proteins or that they have an LBDindependent way to regulate plant development involving lateral organ formation.
Overall, our work indicates that LBD genes are conservative in structure and function in different species. By utilizing the apple genome database, it is now feasible to analyze this gene family and predict its function with bioinformatics approaches, which should be helpful for breeding and cultivation to improve agronomic traits such as shoot branching, root growth, nutrient assimilation and uptake in apple.
Materials and Methods
Ethics Statement
No specific permits were required for the described field studies. The location is not privately-owned or protected in any way, and the field studies did not involve endangered or protected species.
The Identification of MdLBD Genes in Apple
Two approaches were used to identify the members of the MdLBD gene family in apples. First, all known Arabidopsis LBD gene sequences were used in a query to perform multiple database searches against the proteome and genome files that were downloaded from the Apple GFDB database (Apple Gene Function and Gene Family Database: http://www.applegene. org/) as well as the GDR database (Genome Database for Rosaceae: http://www.rosaceae.org/) [50] . Stand-alone versions of BLAST (Basic Local Alignment Search Tool: http://blast.ncbi.nlm.nih. gov) [51] , which are available from the NCBI, were used with an e-value cutoff of 1e-003. All of the protein sequences that were derived from the selected MdLBD candidate genes were examined with the domain analysis programs Pfam (Protein family: http:// pfam.sanger.ac.uk/) [52] and SMART (Simple Modular Architecture Research Tool: http://smart.embl-heidelberg.de/) [53] with the default cutoff parameters. Second, we analyzed the domains of all of the apple peptide sequences using an HMM (Hidden Markov Model) [54] analysis while searching Pfam. Then, we obtained the sequences by using the PF03195 Pfam number, which contained a typical MdLBD domain, from the apple genome sequences by making use of a Perl-based script. Finally, all of the protein sequences were compared with known MdLBD sequences by applying ClustalX (http://www.clustal.org/) to verify that the sequences were candidate MdLBDs [55] .
The isoelectric points and protein molecular weights were obtained with the help of the proteomics and sequence analysis tools on the ExPASy proteomics server (http://expasy.org/) [56] . The chromosomal locations were found in the GDR database by using a Perl-based program.
The Chromosomal Location and Structure of the MdLBD Genes
The chromosomal locations and gene structures were retrieved from the apple genome data that were downloaded from the GDR database. The remaining genes were mapped to the chromosomes with MapDraw [57] , and the gene structures of the MdLBD genes were generated with the GSDS (http://gsds.cbi.pku.edu.cn/) [58] .
Sequence Alignment and Phylogenetic Analysis
The MdLBD sequences were aligned in the ClustalX program with BLOSUM 30 as the protein weight matrix. The MUSCLE program (version 3.52) was also applied to perform multiple sequence alignments in order to confirm the ClustalX result [55, 59] . Phylogenetic trees for the MdLBD protein sequences were constructed with the NJ (neighbor-joining) method of the MEGA5 program (http://www.megasoftware.net/), as well as the pdistance for complete deletion option parameters. The reliability of the trees was tested using a bootstrapping method with 1000 replicates. The images of the phylogenetic trees were drawn in MEGA5 [60] .
Expression Prediction of the MdLBD Genes Based on the Expression Profile of Arabidopsis LBD Genes
Microarray expression data from various datasets were obtained by making use of Genevestigator (https://www.genevestigator. com/gv/) with the Arabidopsis GeneChip platform (Fig. S1) [61] . We performed a local BLASTP program search in BioEdit against the Arabidopsis peptide database to find homologous genes by using the putative MdLBD genes as queries. Based on the Genevestigator selections, we obtained expression patterns that are presented as heat maps in red/green coding, which reflected the log ratio with red indicating up-regulation and green indicating down-regulation (probe sets in a 22 k Affymetrix GeneChip). A local BLASTN search against existing ESTs (which were downloaded from NCBI, 324742 records; 6 Feb 2012) was conducted to find the corresponding record for each member of these putative MdLBDs.
Plant Materials and Treatments
The apple 'tea crabapple' (Malus hupehensis Redh. var. pingyiensis) seedlings were used for gene isolation and expression analysis. They were kept at 25uC under long-day conditions (16 h light/8 h dark) in a sand culture. Expression levels for different tissues, leaves, flowers, fruits and roots were collected from a 5-year-old 'Gala' apple tree that was grown in natural conditions in the Shandong Province of China. One month-old sand culture seedlings were used for the gene expression analysis. The seedlings were treated with 15 mM KNO 3 (15 mM KCl was used as a control), hypoxia and 100 mM of different kinds of hormone solutions including ABA, NAA, 6-BA, GA and BR with a 0.05% DMSO control. The treated plant materials were frozen in liquid nitrogen for RNA extraction. Arabidopsis plants were planted in the culture room under SD (8 h light/16 h dark) for a month and then moved to LD conditions (16 h light/8 h dark) at 20-22uC.
RNA Extraction, cDNA Synthesis and Gene Expression Analysis
Total RNA of apple was extracted with the hot borate method as described in our previous report [62] , and total RNA of Arabidopsis was extracted with Trizol reagent (Invitrogen, USA). Two micrograms of total RNA was used to synthesize first-strand cDNA using the PrimeScript First Strand cDNA Synthesis Kit (Takara, China). RT-PCR was conducted by using cDNA templates to detect the gene expression level. Apple ACTIN and Arabidopsis ACTIN genes were employed as controls, and the analysis of each type of sample was repeated three times. The specific primers that were used for PCR analysis are listed in Table  S1 .
Construction of MdLBD11 Overexpression Vector
The full length cDNA of MdLBD11 was identified from the 'Gala' apple. The cDNA was ligated into a PMD18-T vector (Takara, China) and then digested with BamHI and cloned into a pBIN vector.
Yeast Two-hybrid (YTH) Assays
A Gal4-based two-hybrid system was used as directed by the manufacturer (Clontech, USA). The full-length encoding regions of MdLBD11, MdLBD11L and AtAS2 were ligated into the DNA binding domain vector pGBKT7 to make the bait plasmid vector. The coding sequence of AtAS1, AtLOF1 and AtLOF2 were fused to the two-hybrid activation domain vector (pGADT7) as prey. The primers that were used to create these constructs are listed in Table S1 . Each pGADT7 vector was separately co-transformed with pGBKT7 vector into yeast strain Y2H for a yeast two-hybrid test. Positive colonies were selected on SD/2Trp-Leu-His-Ade medium. The positive clones of the complexes were selected and assayed for X-gal activity.
Arabidopsis Transformation
Wild type (WT) Arabidopsis ecotype Columbia (Col 0) was used. MdLBD11 was introduced into the WT (Col 0) using the floral dip method and mediated with Agrobacterium strain GV3101 [63] . The seeds of positive transgenic plants carrying the MdLBD11 constructs were individually harvested. Homozygous transgenic lines were used for further investigation. 
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